By keeping account of the trapped electron ١B and curvature drifts, it is found that the spatial decay of the collisionless electron drift wave is governed either by the trapped electron response or by the resonant interaction of ions with the sidebands of the primary oscillation. In the former case, pairs of spatially bounded unstable and damped solutions are obtained for negative magnetic shear ͑ŝ Ͻ 0͒ if, as usual, L T e ‫ץ/1=‬ r ln T e Ͻ 0; there are no bounded solutions if ŝL T e Ͻ 0. In the latter case, there is either a set of bounded damped solutions if i Ͼ 0 or a set of bounded unstable solutions if i Ͻ 0. The unstable modes have a radiating character and the growth rates are ␥ ϳ͑2n where Q e and ⌫ e are the anomalous electron energy flux and the particle flux. These results may explain the box-type T e profile observed in lower hybrid current drive reversed magnetic shear plasmas on the Japan Atomic Energy Research Institute Tokamak 60 Upgrade ͑JT-60U͒ ͓H.
I. INTRODUCTION
In microinstability theory, the nonadiabatic trapped electron response has always been considered as a perturbation and thus estimated in leading order only. Considering the electron drift branch, this is justified if ͱ 2⑀ e * / e,eff Ͻ k r 2 a s 2 Ͻ 1, where the left-hand side is a measure of the nonadiabatic trapped electron response for e,eff ӷ e * and the righthand side characterizes the radial eigenvalue operator ͑⑀ = r / R is the inverse aspect ratio, r and R are the minor and major radii, e * is the electron diamagnetic frequency, e,eff = e / ⑀, where e is the electron collision frequency, k r is the radial wave vector, a s = c s / ⍀ i , c s = ͱ T e / m i is the sound velocity, and ⍀ i is the ion gyrofrequency͒. In other cases, the full trapped electron response must be considered, including the effect of the ١B and curvature drifts. In this paper, the ratio of the equilibrium densities of trapped and passing electrons ͑N e ͒ trap / ͑N e ͒ pass ϵ ͱ ⑀͑1 + cos ͒ / ͓1− ͱ ⑀͑1 + cos ͔͒ is considered to be of order unity ͓The magnetic field is B = B 0 / ͑1 + ⑀ cos ͒ where = 0 corresponds to the outboard midplane of the axisymmetric toroidal plasma͔.
A priori, two limiting cases must be envisaged: the quasislab limit, corresponding to k r ⌬ l Ͼ 1, and the ballooning limit, corresponding to k r ⌬ l Ͻ 1; here, ⌬ l =−1/l‫ץ‬ r q is the distance between neighboring rational surfaces, l͑m͒ the toroidal ͑poloidal͒ mode number, and q the safety factor. Only the quasislab electron drift branch is considered hereafter as it will be demonstrated on the basis of earlier works that the ballooning hypothesis generally leads to conflicting requirements and is therefore hardly relevant.
Sidebands ͑m ±1,l͒ of the primary perturbation centered on the rational surface q͑r͒ =−m / l are introduced by the ⑀ cos modulation of the magnetic field, mainly via the ion ١B and curvature drifts. The parallel wave vector of the sidebands, 1 / qR, is larger than that of the primary perturbation, 1 / k r ⌬ l qR. Resonant interaction of ions with the sidebands thus prevails over resonant interaction with the primary oscillation. Two cases can occur.
͑i͒
Ion resonant interaction with the sidebands dominates over the collisionless trapped electron response: here, the Landau residue leads to either spatially bounded damped solutions if i Ͼ 0 or spatially bounded unstable ones if i Ͻ 0 ͑ i = ‫ץ‬ r ln T i / ‫ץ‬ r ln N i and we assume N i = N e ͒. ͑ii͒
The trapped electron curvature terms are dominant: we find here two spatially bounded solutions, viz., an unstable and a damped one if ŝL T e Ͼ 0, and no bounded solution whatever if ŝL T e Ͻ 0 ͑ŝ = r‫ץ‬ r ln q is the magnetic shear parameter͒; since L T e = T e / ‫ץ‬ r T e is usually negative, instability requires negative magnetic shear.
In both cases the unstable solutions have an "outgoing" or "radiating" character and their growth rate is proportional to the magnetic shear parameter:
where n is the Hermite polynomial solution index, ͗͑f e ͒ trap ͘ the normalized flux surface averaged trapped electron density, L N ‫ץ/1=‬ r ln N e , ␣ i =1+ i ͑1+ i ͒, and i = T i / T e . This result leads us to comment on the actuality of magnetic shear damping in cylindrical plasmas. The quasislab ion dynamics has been considered in Refs. 1 and 2; in the present paper, the corresponding calculation will thus be presented briefly. However, the effect of the sidebands on anomalous transport has not been investigated in the literature. ͑The ballooning transformation is most often applied ab initio!͒ It is found that they are responsible for large values of the ratio Q e / T e ⌫ e , where Q e and ⌫ e are the anomalous electron energy flux and particle flux, and thus to large diffusive versus convective electron heat transport.
The paper is organized as follows. The linear electron gyrokinetic equation and a suitable ordering of the parameters are introduced in Sec. II. The quasislab electron drift branch solution is derived by expansion in Sec. III, leading to the radial eigenvalue equation. The eigenfunctions and eigenvalues are obtained and discussed in Sec. IV. The quasilinear particle and electron heat fluxes are given in Sec. V, where recent experimental results obtained on the Japan Atomic Energy Research Institute Tokamak 60 Upgrade ͑JT-60U͒ ͑Ref. 3͒ are also discussed. Summary, conclusions, and comments on the ballooning limit of the electron drift branch and on shear damping in cylindrical plasmas are the subjects of Sec. VI.
II. GYROKINETIC EQUATION
In Ref. 4 , modes elongated along the direction of the magnetic field are represented by
where is the toroidal flux, a poloidal-like angle, and the toroidal angle; ͑ , ͒ is the field line pitch angle whereas
q͑ l,m ͒ =−m / l defines the rational surfaces; ‫ץ‬ ͑− l,m ͒ ⌽ l is much larger than ‫ץ‬ ⌽ l , the modes being radially localized; and ‫ץ‬ ⌽ l ϳ 1 Ӷ m allows curvature to be taken fully into account. The gradient
of ͑2a͒ along the direction n ϵ B / B of the magnetic field is O͑1/qR͒. Each term of the sum may be considered independently in the quasislab approximation.
We consider large aspect ratio tokamaks with nonconcentric circular magnetic surfaces and, in a first attempt to assess the role of the Shafranov shift −⌬ S ͑r͒, write the equations with respect to variables r and ͑in lieu of and ͒ which define a set of circles with fixed center. Making use of the equilibrium theory of Ref. 5 , it can be shown that, up to order ⑀, 
for the equilibrium and electron drift wave ͑Ј ϳ e,l * ͒ quasislab ͑k r ⌬ l ӷ 1, k r a i ϳ ͱ ͉ŝL N / qR͉͒ dimensionless parameters, the terms of Eq. ͑3a͒ stand in the ratios 1:
if, without loss of generality, we let ĝ e,l ϳ͑e e ⌽ l / T e ͒F e and ͱ m e / m i ϳ 2 . Ӷ 1 is the expansion parameter. We have verified ͑see Appendix A͒ that the poloidal angle dependence of the n · ١ operator with ⌬ S Јϳ ⑀ ϳ does not affect the results; the following simplified equation will thus be sufficient for our purpose
The order of magnitude of the different terms here is
III. SOLUTION OF EQUATION "3b… AND EIGENVALUE EQUATION
Equation ͑3b͒ yields in leading and first orders
where the Ĉ e,l ͑n͒ = Ĉ e,l ͑n͒ ͑k r ͒ are functions of k r only. Along the trajectory of passing electrons, the poloidal angle spans the domain ͔ − ϱ , + ϱ ͓ and periodicity of ĝ e,l ͑1͒ requires
, however, provides no constraint from which to extract ͑Ĉ e,l ͑0͒ ͒ trap since, for trapped electrons, sways between bouncing angles − b and + b . We define l = e e ⌽ l / T e ; the next order equation
yields, upon dividing by v ʈ and integrating over a full trapped particle orbit,
͓We have noted that
for single-valued functions͔.
The leading-order ion distribution function is
as usual. The charge neutrality equation thus reads
We introduce the kinetic energy per unit mass
The velocity space integral of even v ʈ distribution functions over the trapped particle subspace can moreover be expressed as
These equalities show that the right-hand side of the charge neutrality equation ͑10͒ is proportional to 1 − ͑ e,l * / l Ј ͑0͒ ͒, irrespective of the functional l ͑0͒ ͑k r , ͒. The frequency is thus
at leading order. We now assume that ‫ץ‬ l ͑0͒ ͑k r , ͒ = 0, without loss of generality; thus
Equation ͑8͒ simplifies now into 
respectively, for passing and trapped electrons. The function ͑Ĉ e,l ͑1͒ ͒ pass is obtained by averaging the product of Eq. ͑8Ј͒ by 1/v ʈ over the domain ͓0−2͔, thus
͑7a͒ ͑Ĉ e,l ͑1͒ ͒ trap is obtained in turn by averaging over a full trapped particle orbit the product of Eq. ͑3b͒ at third order by 1 / v ʈ . Thus, with the help of ͑6bЈ͒ and ͑7͒,
͑in the right-hand side, contributions proportional to and sin , arising, respectively, from substitution of ĝ e,l ͑1͒ and the curvature and ١B drifts, have integrated out because of odd parity͒. Neglecting, in view of the significant modulation of v ʈ by the helical magnetic field, the resonant interaction between the electron drift wave and the passing electrons with small parallel velocities ͓represented by the Dirac function contribution in 1
Eq. ͑7a͒ and Appendix B͔, the first-order electron density n e,l
͑1͒
= ͐dvĝ e,l ͑1͒ − N e l
can now be expressed as n e,l
The equation governing the ion dynamics at first order suggests writing 
Introducing the general form of ͓ĝ i,l ͑1͒ ͑k r ͔͒ cos/sin into e i ͓n i,l ͑1͒ ͔ cos/sin + e e ͓n e,l ͑1͒ ͔ cos/sin = 0 yields the following expressions for the potentials ͓⌽ l ͑1͒ ͔ cos/sin :
where ϵ ± 1, and
͑results are independent of since F i is an even function͒. Equations ͑12a͒, ͑12b͒, and ͑13͒ are identical to ͑11a͒ and ͑11b͒ of Ref. 
We note that ͓ĝ i,l ͑1͒ ͔ cos is odd with respect to v ʈ whereas 
The second-order perturbed electron density is thus
͑0͒ .
͑14͒
We shall neglect, in the following, the nonadiabatic contribution of passing electrons ͑its order of magnitude is discussed in Appendix B͒. Equation ͑14͒ thus yields, upon approximating v Ќ 2 +2v ʈ 2 Х 2E for trapped electrons,
where L S = qR / ŝ is the magnetic shear length, Extracting now ͓ĝ i,l ͑2͒ ͔ 0 from the equation
leads to
where one recognizes, respectively, in the second, third, and last terms the contributions from parallel ion motion, finite Larmor radius, and ١B and curvature drifts; the latter differentiate the toroidal from the cylindrical geometry ion dynamics.
IV. EIGENFUNCTIONS AND EIGENVALUES
In Ref. 1, we considered the ion response in the two limiting cases where the velocity integrals can be approximated either by their principal parts or by their residues. The latter are hereafter treated as corrections, assuming
Thus the approximations 
where sgn x = x / ͉x͉. Charge neutrality leads accordingly to the eigenvalue equation
where
and ͗¯͘ stands for ͐ 0 2¯d /2. The set of orthogonal solutions and eigenvalues are
where the H n 's are Hermite polynomials 7 and
Noting that ͑␦ 1 ͒ 2 is usually smaller than 4͑1+2q 2 ͒, may be approximated by ͓cf. Eqs. ͑19b͒, ͑20c͒, and ͑20d͔͒
͑we assume ␣ i Ͼ 0͒. The growth/decay rate is thus
͑24͒
Instability ͑damping͒ requires accordingly that ± e,l * be positive ͑negative͒, viz., e,l * Ͼ 0 ͑ e,l * Ͻ 0͒ if the upper sign is chosen and e,l * Ͻ 0 ͑ e,l * Ͼ 0͒ if, instead, the lower sign is selected. Since the inverse Fourier transform of the fundamental solution is
bounded unstable solutions are outgoing disturbances, propagating away from the rational surface, and bounded damped solutions propagate towards that surface. Two cases must be envisaged:
2 : according to Eqs. ͑23Ј͒ and ͑24͒, spatial localization ͑Re Ͼ 0͒ implies damping if i is positive and growth if i is negative ͑a similar result has been obtained earlier in the framework of a local theory 8 ͒. ͑ii͒
here, spatial localization requests that sgn L T e = sgn ŝ; according to Eq. ͑24͒, the trapped electron response introduces a pair of growing and damped solutions. There is no physically meaningful ͑bounded͒ solution if sgn L T e = −sgn ŝ. The collisionless instabilities just described are thus driven by magnetic shear under unusual conditions, either i Ͻ 0 ͑reversed ion temperature and density gradients͒ or sgn L T e = sgn ŝ ͑parallel electron temperature and safety factor gradients, i.e., negative magnetic shear if L T e Ͻ 0 as is usually the case͒, and their growth rate increases for the higher-order Hermite polynomial eigenfunctions. The situation in ͑ii͒ is particularly reminiscent of that encountered with the ion temperature gradient mode in the quasislab approximation: a damped/growing pair of solutions with ␥ l,n ϰ ͑2n +1͉͒ŝ͉, cf. Eq. ͑91͒ in Ref. 9 .
Electron collisions have not been taken into account in the present work. According to a simplified theory, 10 where A i is the ion atomic mass.
V. QUASILINEAR PARTICLE AND ELECTRON HEAT FLUXES
The quasilinear expressions for the magnetic surface averaged particle and electron heat fluxes ⌫ e,i = ⌺͗iln e,i * ͘ / R 0 B ,0 and Q e = ⌺͗ilp e * ͘ / R 0 B ,0 are
where p e is the electron pressure perturbation, the star refers to the complex conjugate,
is the spatial average in the neighborhood of r of the turbulence level for the nth Hermite polynomial solution,
and h͑ b ͒ = sin b / ͱ 2͑cos − cos b ͒ ͑demonstration and derivation of the full ion and electron energy equations are left to a forthcoming paper͒. The unusually large ratio Q e / T e ⌫ e,i Ϸ͑qR 0 e,l * / c s ͒ 2 is a consequence of the unusually large pressure perturbation which, as the potential ͓⌽ l ͑1͒ ͔ sin , arises in conjunction with the sidebands, see ͑12bЈ͒ and ͑19a͒. This result, which is by no means restricted to collisionless instabilities, has largely been ignored in the literature as emphasis has usually been laid on the ballooning limit and formalism.
11
Worth noting is also that the spatial average of the turbulence is proportional to the absolute value of the magnetic shear parameter ͉ŝ͉ as the unstable modes are separated by ͉⌬ l ͉ =1/͉l‫ץ‬ r q͉. This is one of the reasons why internal transport barriers ͑ITB͒ form near flux surfaces where magnetic shear is weak.
Inequality ͑26͒ is satisfied out of the electron internal transport barrier ͑T e Ͻ 6 keV, N e Ͻ 4 ϫ 10 18 m −3 , R 0 = 3.4 m, ⑀ Ͼ 0.11, q Ͼ 2.2, ŝ Ͼ 0͒ obtained on the JT-60U tokamak 3, 12 when electron cyclotron heating and current drive ͑ECH/ECCD͒ is applied to a lower hybrid current drive ͑LHCD͒ reversed shear ͑RS͒ deuterium plasma ͑ ͱ i / Z eff is clearly smaller than unity͒; in this region, collisional destabilization of the trapped electron mode ͑TEM͒ thus exceeds ion Landau damping. By contrast, the requirement of weak Landau damping leads to e,l * / e,eff Ͼ O͑3͒ inside of the ITB and particularly at the top of the pedestal ͑6 keVϽ T e Ͻ 26 keV, 4.5ϫ 10 18 m −3 Ͼ N e Ͼ 4 ϫ 10 18 m −3 , ⑀ Ͻ 0.11, q Ͼ 2.2, ŝ Ͻ 0͒, corresponding to collisional damping of the TEM; however, the reverse magnetic shear instability discussed in Sec. IV is now relevant and its growth rate easily exceeds the low collisional damping rate. The predicted large ratio Q e / T e ⌫ e,i and the qualitative behavior of the TEM growth rate through the discharge may explain the reported "box-type" electron temperature profile displaying strong flattening in the region of large negative ŝ, cf. 
VI. SUMMARY, CONCLUSIONS, AND COMMENTS
We have derived the eigenvalue equation for the collisionless quasislab electron drift branch, keeping the trapped electron response and the toroidal ion dynamics fully into account. The theory predicts instability if either i Ͻ 0 or ŝL T e Ͼ 0 ͑i.e., ŝ Ͻ 0 if, as usual, L T e Ͻ 0͒, depending on the value of ͉␦ 1 ͉ ͱ 1+2q 2 /2q 2 ͉ ␦ i ͉, see the discussion following Eq. ͑25͒; the growth rate is proportional to the absolute value of the magnetic shear parameter, see Eq. ͑24͒, and the unstable collisionless solutions have a radiating character. The presence of sidebands driven by the ion dynamics greatly enhances the electron heat flux. An application of the theory to a negative central shear JT-60U discharge has been discussed. The theory is also reactor relevant.
We have focused on the quasislab sub-branch of the electron drift wave ͑or trapped electron mode͒. A ballooning toroidal sub-branch may coexist if it verifies the inequality ͉k r ⌬ l ͉ Ͻ 1. This assumption leads to the following radial eigenvalue equation ͓see Eq. ͑7͒ in Ref. 13 
͑30͒
l Ј ͑0͒ is the leading order frequency and 0 the ballooning angle. ͓There is a change in the sign of cos 0 with respect to Collisionless reversed magnetic shear… Phys. Plasmas 12, 112106 ͑2005͒
Ref. 13 as = 0 corresponded there to the inboard equatorial plane; −͑1+2q 2 ͒ has been introduced in an ad hoc manner in Eq. ͑30Ј͒, instead of −1, in order to make the bridge with the quasislab branch discussed in this paper.͔ Assuming adiabatic electrons, the fundamental solution of ͑30͒ reads
The cases D Ͼ 0 and D Ͻ 0 are discussed separately below. 
Inequalities ͑32͒ and ͑33͒ are compatible if
or approximately
Condition ͑34b͒ is generally not satisfied in tokamaks. The strong ballooning limit of the electron drift branch is thus irrelevant, except perhaps for weak magnetic shear ͓it must, however, be verified by introducing an appropriate ordering that Eq. ͑30͒ still holds in that limit͔. We should add that for ŝ Ͻ 1/2, cos 0 Ͼ 0 is a necessary condition for D Ͼ 0 if, as usual, L N Ͻ 0; thus the modes would be localized on the outboard midplane where the trapped electron population is largest. For ŝ Ͼ 1 / 2, however, they should be localized on the inboard midplane where the trapped electron population is negligible! If D is negative, then the two solutions ͑31͒ are oscillating in space. Defining ͱ D ϵ i ͱ ͉D ͉ and replacing l Ј
͑0͒ by e,l * + i␥ with ␥ Ͼ 0 to ensure causality, we find that ϯ e,l * must be positive for an asymptotically bounded solution.
Im l Ј ͑2͒ is thus negative, i.e., the mode is damped due to magnetic shear. The above causality argument, which is also followed in cylindrical geometry, 15 can, however, be fallacious as it relies on a higher-order result, the growth rate, introduced on the same footing as the leading-order frequency without verifying that other corrections of the same order would not modify the asymptotic character of the solution. 
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